The complete nucleotide sequence of the multicopy Streptomyces plasmid pUlOl has been determined and correlated with previously published genetic data. The circular DNA molecule is 8,830 nucleotides in length and has a G+C composition of 72.98%. The use of a computer program, FRAME, enabled identification in the sequence of seven open reading frames, four of which, tra (621 amino acids [aa]), spdA (146 aa), spdB (274 aa), and kilB (177 aa), appear to be genes involved in plasmid transfer. At least two of the above genes are predicted to be transcribed by known promoters that are regulated in trans by the products of the korA (241 aa) and korB (80 aa) loci on the plasmid. (14); thus, the organization of DNA sequences required for autonomous replication and for the control of gene expression may well be different from that found in procaryotic organisms such as Escherichia coli, which has an average G+C composition of 50%.
Streptomyces spp. are gram-positive, mycelial soil bacteria having a complex life cycle that involves differentiation and sporulation. Plasmids are widespread in Streptomyces species and potentially may have special features that allow them to exist in these structurally and developmentally complex organisms. In addition, Streptomyces DNA has an unusually high G+C content, typically about 73% (14) ; thus, the organization of DNA sequences required for autonomous replication and for the control of gene expression may well be different from that found in procaryotic organisms such as Escherichia coli, which has an average G+C composition of 50%.
pIJlOl is a circular multicopy Streptomyces plasmid of 8.9 kilobases (kb). Originally found in S. lii'idans ISP 5434, it has a broad host range, and a number of widely used cloning vectors have been derived from it (16, 19, 21) . More is presently known about the basic biology of pIJlOl than is known for any other Streptomyces plasmid. Its essential replication functions have been localized to a 2.1-kb DNA segment (21) , and other loci affecting plasmid maintenance and plasmid transfer have been described (16, 20, 21) . Despite its relatively small size, pIJlOl is capable of transferring itself to plasmidless recipient cells at a frequency approaching 100% and in doing so can mobilize the host chromosome at a frequency of 10' (21) . Previous studies (20) have identified four loci involved in plasmid transfer and two other loci that control the expression of transfer-related functions.
We report here the complete nucleotide sequence of pIJlOl and correlate this with previously published reports describing genetic loci on the plasmid (20, 21) .
MATERIALS AND METHODS
Bacterial strains and plasmids. The Streptomyces plasmids pIJlOl (21) and pIJ350 (21) originally were obtained from the John Innes Institute, Norwich, England. Both plasmids were introduced individually into the S. lividans strain TK64 pro-2 str-6 SLP2-SLP3- (17) by transformation, and cells derived * Corresponding author. from single transformants were used for this study to ensure that the DNA used for sequencing was of clonal origin. The M13 sequencing vectors mpl8 and mpl9 (31) were used throughout this study. Some pIJlOl-derived DNA fragments were subcloned by using the plasmid vector pUC19 (31) before further manipulation. The E. coli strain JM109 [recAl endAl gyrA96 thi hsdRI7 supE44 relAl X-A(lac-proAB) (F' traD36 proAB lacIq Z/M15)] (31) was used as host for the M13 and pUC19 vectors.
DNA isolations and manipulations. Standard cloning techniques and plasmid DNA isolation protocols were used for both E. coli (22) and S. liv'idans (16) . Occasionally, restriction endonuclease-generated DNA fragments to be sequenced were isolated from low-melting-point agarose gels as described previously (20) . Single-stranded M13 DNA sequencing templates were prepared essentially as described by Messing (23) except that the polyethylene glycol-precipitated phage pellets were resuspended in TE containing 0.5% sodium dodecyl sulfate to facilitate phage lysis.
DNA sequencing. M13 clones were sequenced by a modification of the method of Sanger et al. (26) . A 1-,ug amount of single-stranded M13 template DNA was annealed with 2.5 ng of the 17-mer universal sequencing primer (New England BioLabs, catalog no. 1211) at 65°C for 30 min in a total volume of 10 .l1 of 7 mM Tris hydrochloride (pH 7.5)-60 mM NaCl-7 mM 3-mercaptoethanol. Then 10 p.Ci of [32P]dATP (Amersham, catalog no. PB.10384) and 1 U of freshly diluted DNA polymerase I Klenow fragment (Boehringer Mannheim) were added to this mixture, and 2.5 p.l of the resulting solution was placed on the lip of each of four tubes containing 2 [L1 of the appropriate dNTP°mixes. The dNTP°mixes contained 10 mM Tris hydrochloride (pH 7.5), 20 mM MgCl2, and deoxynucleoside triphosphate (dNTP) and dideoxy-NTP (ddNTP) nucleotides as follows. dATP°was 100 nM dGTP, 100 nM dCTP, 100 nM dTTP, and 75 nM ddATP; dGTP°was 2.5 nM dGTP, 100 nM dCTP, 100 nM dTTP, and 38 nM ddGTP; dCTP°was 100 nM dGTP, 2.5 nM dCTP, 100 nM dTTP, and 20 nM ddCTP; dTTP°was 100 nM dGTP, 100 nM dCTP, 1.25 nM dTTP, and 225 nM ddTTP. The solutions were mixed to start the reaction by centrifugation, and SEQUENCE OF S. LIVIDANS PLASMID pIJlOl 4635 incubation was allowed to proceed at 55°C for 15 min. After this time, 2 [lI of chase solution (2 mM each all four dNTPs) was added, and the reaction mixes were incubated for a further 15 min at 55C. The reactions were terminated by the addition of 4 ,ul of 95% formamide-25mM EDTA containing 0.15 mg of bromophenol blue and 0.15 mg of xylene cyanol per ml and boiled for 2 min prior to loading on a polyacrylamide sequencing gel.
Sequencing gels were 0.35 mm thick and were run with a Bethesda Research Laboratories S2 sequencitng apparatus. The gels were prepared essentially as described by Bankier et al. (1) , except that freshly deionized 40% (wt/vol) formamide was routinely incorporated into the gels to alleviate problems of compression caused by G+C-rich secondary structures. Runs of 90 min and 4 h on a 6% gel at 45 mA (2,300 to 3,000 V) were usually sufficient to resolve 200 to 400 nucleotides per sequence.
Computer-assisted sequence analysis. Data base searches and some sequence analysis were performed with the Bionet National Computing Resource (Intelligenetics, Mountain View, Calif.). Other analyses and the FRAME program (5) were implemented with standard algorithms on a Commodore Amiga 1000 computer.
RESULTS
Sequencing strategy. The sequence of pIJlOl was determined by using modifications of the dideoxy chain termination method (26) as described in Materials and Methods. Plasmid DNA was partially digested with the restriction endonucleases Sau3A, HpaII, TaqI, and HinPI, the randomly produced fragments were cloned by insertion into the appropriate site of M13mpl8 or M13mpl9, and 150 such clones were subjected to sequencing. The nucleotide sequences of the clones were then assembled into a single long sequence with the aid of a computer. Subsequently, any gaps remaining in the sequence were filled by analysis of specific DNA clones generated by suitable restriction enzymes that cleaved near the sequence of interest. The complete sequence was determined for both strands of the plasmid, and each base pair was sequenced an average of six times.
Because of the high G+C content of Streptomyces DNA (14) , several modifications were made to the original sequencing protocol to overcome the problems of polymerase "stalling" and band compression on gels because of the high stability of G+C-rich secondary structures. The most significant changes made were to incubate the sequencing reactions at 50 to 55°C in a low-salt (12.5 mM NaCl) buffer and to incorporate formamide (up to 40%) into the polyacrylamide gels.
The complete nucleotide sequence of pIJlOl is presented in Fig. 1 (5) . This observation has been exploited by the computer program FRAME (5) , which graphically displays the G+C composition of the first, second, and third bases of the triplet codons over a window of t codons. The graphic output of a program similar to FRAME for pIJlOl is presented in Fig. 2 .
In this figure, the heavy line is the plot of the G+C composition at every third base with a window of 50 codons starting at base 1 of the plasmid. Similarly, the thin line is the plot starting at base 2, and the dotted line is the plot starting at base 3. Regions of the plasmid that do not encode proteins would not be expected to have any bias in G+C composition due to codon usage, and thus all three plots would be expected to lie close together. Such regions can be seen centered around bases 1500 and 7400. On the other hand, in protein-coding regions the plots should diverge such that the plot corresponding to the second base of the codon triplets would have a much lower average G+C composition than expected and the plot corresponding to the third base would have an average G+C composition of 80 to 100%. In Fig. 2 , the clearest example of such a region is the DNA segment believed to encode the korA gene product (20) . The (20) . korA was localized to a 1.1-kb Sall-Bcll fragment ( four genetic loci at which frame-disrupting inserts affected Cohen, unpublished results). As indicated above, the the ability of pIJlOl derivatives to transfer into recipient FRAME plot of the korA region indicated a likely ORF strains lacking pIJlOl (20) . One of these loci, designated Two other transfer-related loci, spd and kiiB, were genetically defined as regions in which frame-disrupting insertions resulted in very small pocks, suggesting that plasmid transfer was occurring at a greatly reduced frequency (20, 21) . The spd (spread) locus was found to lie between the Sall site at bp 2848 and the PvuII site at bp 3977. Two ORFs appeared to be present in this region. The first, spdA, could use an AUG start codon (bp 3897) that overlaps the UGA termination codon of the tra ORF. This ORF would be 94 codons in length. A second ORF, spdB, followed spdA closely in the same direction. While the AUG start codon at bp 3610 was chosen as the most likely start, it should be noted that many alternative in-frame start sites are present in this region, including a GUG codon at bp 3616 that would overlap the UGA termination codon of the spdA ORF. The frame analysis indicated that the spdB ORF would contain 291 codons and terminate at bp 2737. Insertions into either of these ORFs produce the Spd phenotype (20, 21) . kilB has been defined as a genetic function localized to an 880-bp SacII-Sail fragment (bp 1972 to 2848) that could not be introduced into Streptomyces in the absence of either of the korA or korB repressors; insertions into this region give the Spd phenotype (20) , as indicated above. The FRAME plot indicated the existence of a 148-codon ORF starting at an AUG (bp 2431) and terminating at bp 1990.
(c) Unidentified ORFs. In addition to the ORFs mentioned above, the FRAME plot suggested that other ORFs may be present on the plasmid. The most prominent of these are indicated in Fig. 2 .
The very short ORF, orf56 (bp 1917 to 1749), on the 2.1-kb Sacll fragment containing the minimal replicon has been mentioned previously. This ORF follows kilB so closely (75 bp) that it is possible that both ORFs belong to the same operon. If this is so, then it is unlikely that orf56 is required for replication, as the putative kilB promoter (see below) is not present on the Sacll-generated minimal replicon.
A short ORF, orf66, immediately follows spdB. A GUG start codon preceded by a possible ribosome-binding site overlaps the UGA termination codon of spdB. Frame-disrupting insertions into the Sall site (bp 2612) do not have detectable phenotypic effects on the plasmid (20) . Thus, the function, if any, of this ORF is unknown.
The FRAME analysis of the region between the PvuI site at bp 7689 and the ApaI site at bp 8592 is difficult to interpret. Between bp 7700 and 7900, the third plot (dotted line) indicated an extremely low G+C composition. However, both of the other plots showed much higher than average G+C content. Although overlapping bidirectional reading frames have not been identified in S. lividans, this pattern is what one might expect if reading frames are encoded on both strands; both would have a common low G+C second base in each triplet, with the first base somewhat higher in G+C than expected for a coding region and the third base somewhat lower in G+C than expected. A suitable start and stop codon is present on each strand for both possible ORFs; thus, the ORFs have been tentatively designated orf85 and orf79, respectively.
Between the BclI site at bp 7952 and the ApaI site at bp 8592, all three reading frames diverge significantly from 73% G+C. In particular, the plot of the region between PvuI (bp 8223) and ApaI (bp 8451) strongly suggested the presence of an ORF starting at about bp 8150 and ending at about bp 8500. However, a number of stop codons are present in that ORF, so that any proteins encoded would be extremely short. Conversely, a long ORF could exist running in the opposite direction, starting at bp 8600 and finishing at bp 8150. However, such an ORF would have a G+C composition of 87, 62, and 70% at the first, second, and third codons, respectively, strongly contradicting the expected compositions of protein-encoding ORFs of Streptomyces spp. Thus, no ORF has been assigned to this region.
Analysis of ORFs in pIj101. Although the FRAME program is an extremely powerful tool for identifying proteinencoding reading frames when applied to Streptomyces DNA, there are some limitations in its use. The reading frame amino termini indicated by the program are approximate rather than exact, and identifying the protein start codon can be difficult in the absence of substantiating protein sequence data, particularly in view of the frequent use of GUG protein start codons for Streptomyces proteins (9, 29, 32) . The choice of initiation codons in the identified ORFs on pIJlOl was determined in our analysis in part by the proximity of possible protein start codons to regions of complementarity with the 3' end of the 16S rRNA of S. lividans (4). Table 2 lists the DNA sequences immediately preceding the most likely initiation codons for each of the ORFs identified. Note that there are two entries for the tra ORF. We have assumed that the AUG codon at bp 5762 is the most likely initiation site based on the FRAME plot, although there is no good ribosome-binding site sequence preceding this codon and a reasonable ribosome-binding site exists 5' to a GUG start codon situated in frame 81 bp further upstream. Thus, it is entirely possible that the GUG codon cited is used. Although most of the ORFs show some regions of complementarity to the 3' end of 16S rRNA immediately preceding the proposed initiation codons, we note the lack of any complementarity preceding the AUG of the rep ORF. However, none of the other possible GUG or AUG codons around the beginning of the rep ORF display greater complementarity.
A compilation of the predicted molecular weight, number of codons, and G+C usage at the first, second, and third codons of each of the ORFs is presented in Table 1 . It can be seen that, with the exception of the overlapping orf79 and orf85, all of the proposed ORFs have a G+C composition fully characteristic of Streptomyces reading frames. As a further check for the validity of the selected reading frames, each ORF was examined for the presence of codons known to be used rarely in Streptomyces species (data not shown). No unusual codon usage characteristics could be seen for any of the presumptive ORFs.
Having determined the likely coding capacity of the various ORFs present on pIJlOl, we analyzed each of the predicted amino acid sequences to determine any structural or sequence similarities to previously characterized proteins of known function. Thus, all of the predicted amino acid sequences were scanned for homologies with the Protein Identification Resource and Swiss Protein data bases with the Intelligenetics IFIND and XFASTP programs. No significant homologies were found. The predicted proteins were also subjected to searches for (i) homology to DNA-binding domains of DNA-binding proteins (24) , (ii) homology to nucleotide-binding fold domains of proteins with ATPase activity (30), (iii) Chou-Fasman and Robson-Garnier plots for secondary structure (10, 15) , and (iv) hydrophobic moment plots to determine the likelihood of association with membranes (13) .
The korA and korB loci both produced diffusible products that decreased transcription from certain promoters present on pIJlOl (D. Stein, K. J. Kendall, and S. N. Cohen, unpublished observations). Thus, by analogy with other procaryotic systems, it is most likely that the loci code for repressor proteins. Neither of the predicted amino acid sequences for the kor proteins shows significant homology to any other known proteins. However, each sequence was scanned for regions of homology to the consensus DNAbinding a-helix-turn-a-helix structural motif found in many procaryotic repressor proteins (24) . A reasonable match was found starting at amino acid 194 in the korA sequence (Fig.   3) . The best match in the korB protein occurred within the segment starting at amino acid 13 (Fig. 3) (Fig. 3) .
Hydrophobic moment plots (13) (30) is present in the sequence (Fig. 4) . This raises the possibility that ATP may be required for tra function.
No significant structural features or homologies were found in the predicted amino acid sequence of the rep ORF.
Location of promoters on pUL101. Studies in this laboratory (D. Stein, K. J. Kendall, and S. N. Cohen, unpublished results) and previously published results from other laboratories (7, 8, 11) have demonstrated the existence of at least five promoters on pIJlOl. The positions of these promoters and their directions of transcription are indicated in Fig. 2 . Note that we have renamed the previously identified pIJlOlA (7) and pIJ1O1B (8) promoters the kilB and tra promoters, respectively, in accordance with their location on the genetic map. The FRAME analysis showed that all of these promoters (except that of pIJlOlC [11] ) lie upstream of major identified ORFs.
Location of regions of dyad symmetry on pUL101. The nucleotide sequence of pIJlOl was searched for regions of dyad symmetry. The locations of the most significant of these (those having a match of at least 10 out of 12 nucleotides) are indicated in Fig. 1 and tabulated in Table 3 . Certain inverted repeat structures have commonly been found to have transcription termination activity (reviewed in reference 25); one of the regions of dyad symmetry, centering around bp 6788, has already been shown to be able to terminate transcription in both Streptomyces species and E. coli (12) . This segment lies between the convergently transcribed korA and korB genes and may thus act as a transcriptional terminator for either or both of these genes.
Significant inverted repeat structures were also found downstream of the rep (bp 8551 and 8478), orf85 (bp 7941), orf66 (bp 2520 and 2484), kilB (bp 1957) , and orf56 (bp 1723) ORFs. Of the remaining significant regions of dyad symmetry, one lies in the divergent reading frame region between the korA and tra genes, three lie within the tra ORF, and one lies within the spdB-coding ORF.
Non-protein-coding sequences involved in replication. All known procaryotic plasmids contain a DNA locus that is required in cis for plasmid replication to occur. This region is the site of initiation of DNA synthesis and thus is referred to as the replication origin (ori). The only region of the repli- allow the complete sequences of plasmids pIJ350 (21), pIJ702 (21) , and pHYG1 (20) to be constructed from the previously published sequences of the thiostrepton (6), tyrosinase (2), and hygromycin (31) resistance genes, respectively. The collated sequences are available on request. DISCUSSION The complete nucleotide sequence of the S. lividans plasmid pIJlOl has been determined and analyzed for ORFs, and the results were correlated with previously published genetic data. The circular plasmid is 8,830 nucleotides in length and has a 72.98 mol% G+C composition, which is typical of Streptomyces DNA (14) . Seven ORFs have been identified and correlated with specific phenotypic properties. At least four additional short ORFs for which no function can be assigned may be present on the plasmid.
Of the identified ORFs, two, korA and korB, encode repressors that control expression of several promoters identified on the plasmid (D. Stein, K. J. Kendall, and S. N. Cohen, unpublished results). Although the predicted amino acid sequences of these ORFs show no regions of homology to any other known repressor proteins, the derived amino acid sequence for korA contains an a-helix-turn-a-helix motif common to the DNA-binding domains of many DNAbinding proteins (24) . Preliminary studies have identified electrophoretic protein bands corresponding in molecular weight to those predicted for both the korA and korB proteins (D. Stein, personal communication). Four presumptive ORFs involved in plasmid transfer have been identified. tra could encode a large protein of Mr 77,000. Insertions into this ORF completely prevent the pocking phenotype indicative of plasmid transfer (20, 21) . No other frame-disrupting insertions into pIJlOl have such dramatic effects, suggesting that this ORF encodes the major protein required for plasmid transfer. No clues as to the mechanism by which transfer occurs can be deduced from the primary amino acid sequence. The predicted protein has no significant hydrophobic domains, suggesting that it probably is not associated with membranes, and it has very little similarity to other known proteins or to DNA-binding domains; however, it does have a region bearing some resemblance to known nucleotide-binding fold domains such as those found in ATPases (30) .
Insertions into the other three ORFs (spdA, spdB, and kilB) produce the Spd phenotype. It has been suggested that the Spd phenotype results from the inability of plasmids to undergo intramycelial transfer (18) . The putative spdB protein contains three strongly hydrophobic domains in its amino-terminal half, suggesting that it may be associated with membranes. Single strongly hydrophobic domains are also present in spdA and, to a lesser extent, in kilB.
A large ORF is present in the 2.1-kb SacII fragment, which has been shown to be sufficient for autonomous replication of pIJlOl derivatives in Streptomyces species (21) . The presumptive rep ORF provides very little structural information about the protein, which has no discernible similarities to known rep proteins of other plasmids. It is not clear whether this protein alone (plus, presumably, a functional ori DNA sequence) is sufficient for replication, as a second small ORF (orf56) is also present on the SacII fragment. The approximate location of the presumed pIJlOl ori sequence can be deduced from an examination of the FRAME plot, which indicates only one noncoding region within the SacII fragment. A second origin used for laggingstrand replication may be present in a noncoding region upstream of the korB gene in a segment that is not essential for autonomous replication (Deng et Five promoters have been localized on the pIJlOl sequence (Fig. 2) . Of the three previously reported promoters, pIJlOlA (7) appears to be the promoter for the kilB gene and pIJlOlB (8) appears to be the promoter for the tra gene.
Transcription from the latter promoter possibly extends through the clustered spdA, spdB, and orf66 reading frames. The reported pIJlO1C promoter (11) (12) (Fig. 2 ). This terminator functions in both orientations in Streptomyces spp. and presumably acts to prevent readthrough interference of transcription for both genes. Its sequence consists of a G + C-rich region of dyad symmetry (AG for RNA of -27.2 kcal) but lacks the stretches of poly(U) commonly seen with rho-independent terminators in E. coli (25) . Similar regions of strong dyad symmetry can be found downstream of the rep, kilB, orf56, orf85, and tral spdAlspdB/orf66 ORFs, suggesting that these may be involved in transcription termination.
Determination of the primary nucleotide sequence of pIJlOl is a further step in elucidating the biology of this plasmid. In addition to facilitating the construction of pIJlOl-derived cloning vectors, the sequence should allow progress in understanding the mechanisms of replication and transfer of Streptomyces species plasmids and should enable detailed studies of the genetic switches involved in the regulation of pIJlOl gene expression.
